Introduction
The phenomenon of metal hyperaccumulation in plants has attracted particular interest in the last years, because plants that combine high metal tolerance with an extraordinary ability for metal uptake may be useful for phytoextraction technologies (Baker etal., 1994; Raskin etal., 1994) . However, the ecological significance of hyperaccumulation is still under investigation. Several recent studies relate metal hyperaccumulation to increased defence against herbivores and fungal or bacterial infections Many hyperaccumulator species (e.g. those of the genera Alyssum and Thlaspi) are from the Brassicaceae family. Glucosinolate production is a common feature of plants from this botanical group. High glucosinolate levels in Brassicaceae species that hyperaccumulate Ni (Sasse, 1976) or Zn (Mathys, 1977) have been described.
It has been suggested that glucosinolates may play a role in Zn tolerance mechanisms (Mathys, 1977) or that the pool of these sulphur containing compounds may serve as a source for Ni-binding substances (Sasse, 1976) in Alyssum bertolonii. As pointed out by Ernst (1990) , however, observations that high Ni concentrations lowered glucosinolate concentrations in Alyssum and that high Zn levels reduce sulphotransferase activity are convincing arguments against these hypothesis.
Glucosinolates have been related to plant defence mechanisms for many years (Schnug, 1990; Wallsgrove et al., 1999 To the best of our knowledge, this is the first report on the influence of metal uptake on the levels of individual glucosinolates in a hyperaccumulator species. 
Materials and Methods

Plant
Results
Growth response of Thlaspi caerulescens to the high Zn supply was as previously described (Tolri et aL, 1996) . Exposure to 500 FM Zn enhanced the performance; no toxicity symptoms were observed in plants treated with 1000 lM Zn. Thiaspi caerulescens accumulated high concentrations of Zn within both roots and shoots. While in shoots Zn concentrations increased with the Zn supply, in roots a saturation of Zn concentrations for the highest Zn treatment was observed (Fig. 1) .
Exposure to increasing Zn concentrations decreased the concentrations of total glucosinolates (Fig. 2) in shoots. In roots total glucosinolate concentrations increased with increasing Zn tissue concentrations. Table 1 abundant glucosinolate in all organs and treatments (Fig. 3) . Where present, the concentrations of 3-butenyl- (Fig. 4) and 2-phenylethyl-glucosinolates (Fig. 5) were about one order of magnitude lower. Lowest concentrations were found for indolylglucosinolates (Fig. 5) .
Different effects of Zn hyperaccumulation on the levels of individual glucosinolates in roots and shoots were observed. While exposure to high Zn concentrations decreased the concentrations of the aromatic glucosinolates in shoots, in roots a significant increase of p-OH-benzylglucosinolate levels was found (Fig. 3) .
Concentrations of 3-butenylglucosinolate, the other major root glucosinolate, were hardly affected by the Zn supply (Fig. 4) . The concentrations of indolylglucosinolates found in roots and shoots of control plants decreased to undetectable levels in plants exposed to high Zn concentrations (Fig. 5) . 
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Zn in solution (pM) Fig. 3 . Taking into account the high biosynthetic costs ofglucosinolates (Ernst, 1990 ), a substitution of organic defence based on glucosinolates by inorganic, metal-based, defence may be advantageous (Boyd, 1998) . In fact, a substantial decrease in glucosinolate concentrations in metallophytes that had hyperaccumulated Ni or Zn has already been observed by Sasse (1976) and Mathys (1977) . By contrast, Ni hyperaccumulation did not influence glucosinolate levels in the serpentinophyte Streptanthus polygaloides, where the trade-offbetween organic and Ni-based defence has been suggested to be a constitutive rather than substrate-induced (Davis & Boyd, 2000) . This study is the first that reveals that glucosinolate concentrations in roots and shoots may cearly respond in a different way to enhanced Zn accumulation: while decreased glucosinolate levels were observed in leaves of plants that had accumulated extremely high Zn concentrations, glucosinolate levels in roots increased with Zn accumulation (Fig. 3) .
At 
New Phytologist
Zn concentrations have been found to inhibit sulphation of desulphoglucosinolates in cress seedlings (Glendering & Poulton, 1988 (Fig. 3) . Zinc-induced enhancement of the total glucosinolate contents in roots and their decrease in shoots (Fig. 2) can mainly be attributed to changes in the concentrations of this aromatic glucosinolate. Changes in the levels of alkenyl-and indolyl-glucosinolates caused by Zn hyperaccumulation were quantitatively less important. However, differences in the response of individual glucosinolates to high Zn were observed. These differences may reflect Zn-induced changes in either or both the availability of aminoacid precursors (Cakmak etal., 1989; Domingo et al., 1992) for glucosinolate synthesis or the alteration of one of the substrate specific biosynthetic steps (e.g. aldoxime biosynthesis catalysed by cytochrome P-450, flavoproteins, or peroxidases) in the synthesis of glucosinolates with different side chains (Larsen, 1981; Schnug, 1990; Wallsgrove etal., 1999) . A specific influence of Zn is suggested by the fact that in roots the levels of the tyrosine-derived p-OH-benzylglucosinolate increased (Fig. 3) , while a decrease of both the indolylglucosinolates (Fig. 5 ) that are synthesized from tryptophane and the methionine-derived alkenylglucosinolate (Fig. 4) By contrast, Zn-induced changes in the glucosinolate patterns of roots are not in line with the 'trade-off' hypothesis in these underground plant parts. In roots of Thlaspi caerulescens Zn hyperaccumulation increased the concentrations of sinalbin (Fig. 3) . This effect may contribute to increased defence against pathogens. The hydrolysis product ofsinalbin, p-OHbenzylisothiocyanate has been identified as the predominant antifungal compound in Brassica kaber (Schreiner & Koide, 1993). Sinalbin also was the predominant glucosinolate induced by inoculation with Glomus mossae in Sinapis alba (Vierheilig  etal., 2000) . To what extent Zn hyperaccumulation and enhanced sinalbin concentrations in roots may have additive or even synergistic effects (Boyd, 1998) in the defence of roots of Thlaspi caerulescens against pathogenes remains to be established.
